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cross-sectional area 


flux density 


volts (r. a. 8. 


efficiency of use of core material 
frequency in cycles per second 
force 

flux 


ma gnetiging co ros 

eurrent, amperes 

Steinmetz hysteresis coefficient 

Kn = constants, defined as introduced 
inductance in henries 

total length of magnetic cireult 
length of air gap 

eliernating current permeability 
effective permeability of the magnetic olrculit 
tetal number of turns in a 41 

total eddy current loss, watts 

total hysteresis loss, watts 
resistence, ohms 

reluctance 

resistivity 

tuickness of laminations 

Volume of magnetic material 

eddy current loss, vattsſeu. in. 
hysteresia loss, joules/cu.in./eycle 


reactance 
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CHAPTER 1 


» Introduction to the Difficulties of 400+ 


1-1. The Problem of Aircraft Applicetion 

The present 1804 toward use of 400-cycle altemnat ing 
eurrent on alreraft bas created the problem of design of 
ine and ama ll pull nagnets to operate successfully on this 
supply. To date, the functions of these elesents have been 
performed by direct current magnets. This, of course, requires 
rectification of the primary alternating current supply, on 
the use of an aukiliary motor generator. | 

This paper will examine the Gifficulties of design ing 
a 400-cycle magnet. Since such a magnet would be intended far 
alreraft use, the criteria for satisfactory design are 
reliability of performance, weight aad space requirements and 
coat, initial end operating. Reliability is the prime requisite 
anc with weight and apace considerations far overshadow the 
economic factors. 

For sonparigon purposes and as an altemative, general 
consideration will also be given to solution of the seme problem 


by use Of a direct current magnet and selenium rectifiera. 


12. Comparison cf 400-Cvele and 60«Cycle Cperation 

As a refererce from which to point up the difficulties 
associated with 400ecyele operation, it will be assumed that 
if the supply frequency were GO cycles, a satisfactory magnet 


would exist. This 6@-cycle megnet would exert the required 
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pull at the given voltage. 
The two basic equations obeyed by such a magnet are 


‘p= Hut n J x 1079 volts (1) 
P = Be* A pounds (2) 
where Bm = flux density in kilomaxwells per sq. in, 


A * sae inches of pole area 
Bquation (1) neglects the resistence voltage which will be 
negligible in a well-designed pitematlag wap magnet. 
Squetion (2) givea the pull in pounds for flat surfaces of 
eres A. The solencidal pull of @ moving plunger type ili nd 
be considered for reasons mich will be indicated in gel, 
From Equation (1) for In constant, i.e., for the same 
pull at 60 and 400 cyoles 
E Nas 4, x 10°° = /2 1400 4 In x 10-6 


From which 
| ig = 3. Ng (3) 
| “20 
| For the same core material 
N Therefore, 
I, = 20 1 | (4 
4 a 6 


This Algh zel ting current at 400 cyeles is the ost 
serious aspect of this problem. ‘he magnitude of I, has two 
immediate #ffects. First, asauming that the coil resistance 
changes in the same ratio as the number of turns from 
Equation (3), then | 
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This represents a substantial inerease in copper loss. 
Further, wane copper is required to carry the larger reactive 
power. 

The volteampere Limitation of the magnet increases 
linearly with the frequency. This limitation is defined as 
the chenge In reactive, or quadrature volteamperes taken by 
the magnet due to plunger motion. It may be showi that for 
1 inchepound of mechanical work at 60 e. p..., a change of 
85 volte-asperes is required. At 400 . p. a., then 


Volt-Ampere Change = 65 x 400 = sey Vea 
; 60 ins lb. 


fhis large input at the beginning of a atroke might affect 
the regulation of an inadequate power supply. ore serious, 
however, is the fact thet the contactors which handle the 
magnet will be called upon te handle this power, This, of 
itaelf, could be eufficient te rule out the 400 cyclo magnet 
for heavy work applicetiona. 
The effect of change of frequency may be illustrated 

by Steinmets's equation for hysteresis loss 

un = Kuban Joules/eu.in./cyele (8) 
and upon the eddy current loss from 

Ww, = be fan At vat tou. in. (7) 
where n 1s the maximum value ( e] ef the cyelie loop 
density in webers per aquare inch, t the thickness of the 
laminetions in inches, and 2 the resistivity of the lamin- 


at ions in ohms in an inch eube. 


From (6), sasuming the losa per creole ia independent 
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where 
Mg - n x 0 Latten. in. (8a) 
and An 1a similarly defined, 
From equation (7) | 
Weg * 295 Wes 
From the foregoing, it is possible to make the summary 


snom in Table 1. An efficient GO-ceyele design would have the 


80 e. p. 2. 400 c. p. s. 
current N 6.67 Ig 
gopper Loss 165 kg 6.67 Teng 

Hystereais Loss Wie 6.67 g 
Eddy Current Loss 8 4. 2 Woe 
; 5 Table I 


copper loss approximately equal to the iron losses, therefore 
it is apparent thet the eddy current losses, although radically 
ineresged, would originally represent avbstantially less then 
half of the total losses. 

Lesign for 400-eyole operation must be directed toward 
reducing these to a minimux. This immediately introduces the 
dest factor for high resiativity, high permeability and thinly 
laninatec core material, These large power losses must be 
dissipatec as heat, therefore, dielectric strength of the ecll 
Insulation at higher temperatures must be considered. This 
temperature rise might necessitete use of one of the more 
unusuel types of insulation such as asbestos, glass or chrome 


Oxide. 
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Another inherent disadvantage common to most alternating 
current magnets ia the requirement for a shading coll. Without 
this coll, the force exerted oy the alternating current nagret 
falls to sero at twice line frequency. With proper shading, 
the pull never falls below a minimum which is sufficient to 
prevent arzature movement. | 

Improper shading with resultant arsature chatter has 
several Gisadvantoses. First, the beating of the pole faces 
and the atreases on the core tend to weaken the physical 
structure of the magnet. ‘The effect of 400 cycles would ve 
greatly magnified when compared with that at GO holes. 
Secondly, the sensitivity of the oar inersases from 120 to 
8600 oyeles (twice line frequency); the chatter, therefore, is 


ua more objactionable* and at the higher frequency would be 
| more aptly described as a scream, 

the Gesign problem is about the same at 400 . 9.8. 
as et GO Gepe@e For proper shading, 1.6, to maintain the 
highest ratio of minigun pull to average pull throughout 
each cycle, it is necessary to ineveses the registance of the 
shading eo11 in direct proportion to the ineresag in frequency. 
If this is done, the current in the loop remains unchanged as 
the frequency increases, since the induced voltage also In- 
ereases directly with the frequency. The copper loss, however, 


ia increased in proportion further complicating the bes ting 


problem at 400 cycles. . 


“ee page a i 1 Big Tneer Ing“, 
Olson, Rah ae & lial. Ltd (1940) 
30% page 7, Pennsylvania State College Bulletin, Sngineering 
sxperiment Station Series, Sulletin Ho. 2. 
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Bele Uffect of A Change of Physical Faranstera. 
Por any magnetic circuit, 
} = anf = 47 § (10) 
“oe Ta 
For the problem at hand, the flux and the number of 
turns are fimed by equations (1) and (2), therfore the only 


way to reduce the exciting 


current is to reduce the reluctance 
of the circuits 

With this in ad, the type of magnetic circuit, its 
shape with its physical dimensions and the chose of a sore 
material will be considered, 

the type of clireult euployec ia not cirectly dictated 
by the 400-0. p. 8. frequency. in general, however, the moving 
armature trpe of magnet is adaptable to problems such aa this 
requiring @ relatively large force with a short stroke. This 
i9 in contrast. to the coving plunger, or solenoid type which 


ia suitable for a longer stroke, but with leas force. 


Figure I Some Core Shapes 
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Three magnets are indicated schematically in Figure 1. 
4 and B are moving armature types while © is & solenoid typed 
or oourse, * variations ‘or the elrevits Indicated are in 
common use, but these three are used to indicate certain 


ee principles. 
Sik ti In A and b all the magnetomotive force in the air 


gaps 8 useful en fores. for the same number 
of tums on A and 8, in Ay the two 4011 design, pole length 
may be sade half aa long 43 in 5 permitting a shorter, more 


ee efficient magnetic circuit from the viewpeint of leakage. 


In addition, A possesses a larger radiation surface for cooling. 

C, above, must nave the fixed gap shown to permit 
plunger nevenent. This is a. distinct disadvantages because 
of leakage since the flux losa in this gap decreases the 
amount of useful flux in the working gape ‘the fixed and the 
minimum useful gap lengths here would probably be longer than 
the two gaps in series in A, or B. For a given useful lux 
density, therefore, & himer value ef magnetizing current 
would be required in Ge 

The minimum closed gap length which may be attained 
is about „001 inches. This is obteinable * plat ing the 
finished and fitted surfaces of the laminationa with 0005 
inches of chromium, ote that this restriction ia mechanical, 
provides the remanence of the cere material is small enough 
te permit the gap length without stickins. 

Im investigating the physteal parameters ef the circuit, 
it will be assuzed thet the general shape ef the cere rena ins 


unchanged. Further, the rather optimistic closed air gap length 
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b of .0028 inches is used in all celeulations, This is based 
upon two . 001 inch gaps in geriea. | 

8 | Referring to Figure 2 and 

neglecting leakage 


5 Wee yee 


where h. is the effective 
permeability of the cireuit 


3 which will be discussed at 
Figure 2. & Magnetic Clreuit | * 
Total length = 1 length later, For low reluct 
&ir gap length-1, 
Cross Section Area = A 
Permeability Setal - , This point need be labored 


ance, 1 should be a minimum, 


no further. It should be 
noted, however, that in considering length, the 400 evele 
magnet possesses some small aivantage over its 60 evsele 
counterpart. From equetion (3) | 
| lig 3/20 By (3) 
Since the length of the core is primarily determined by the 


amount of copper necessary for excitation, a shortereireult 
ia permitted at 400 eyeles “than at 60 cycles. The exact 
decrease in length permitted would be difficult to esleulate 
since some inerease in wire diameter is necessary to handle 
the higher 400ecyele current as indicated in 1-2, 

The effect of a change of area will be reflected 
in the basie equations (1) and (2), therefore it will be 
investigated in deteil., A casual coneideration of equation 
(1) would lead to the conelusion thet an increase in ares 


would decrsese the reluctanes, henee the exciting current 
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in proportion. An inerease of ares does decrease the reluct- 

ance, but 1t does not teniadsatery follow that the exciting ~ 

current is decreased, This will be illustrated by an example. 
Givent two 400@cycle magnets both to operate at 

the same voltage, made of the seme core material anc to exert 

the sane pull. Ihe general configuration is thet indleated 

in Figure 1, A or 3. “he charecteristices*are 


Hagnet 61 Magnet 62 
Total length 1 1 
rosa Jeotional Area 41 Ag™ TA) 
Maximum Induction Ban 32 
Humber of Turns 21 lig 
Total Gap Length 1. 1, 


The general equations to be obeyed by both 
ge fang u d x 107° ere * B. 4 x 1 (1) 


and 


Pe = A 
144 


12 


Here it ig eonveniant to work in the a. g. 8. ayatem of unite 
so that in computing the reluctance of the cireult, advantage 
may be taken of the fact that the permeability of air ia ene 
in this system, Conversion of equation (2) sielda 


F = 4.5 x 10 3.28 = 4,5 x 1079 Bx „r (aa 


where fF pounds 
Be * seuss 
* square centimeters 
= 68.3. Yeluctance units 
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Tho general expression for reluctance is 


Aadleo ig tly 1+ lgiMy - 2) 42 
| pha eh A Bea * 
10 where Ha * alternating current permeability 
N Zubstituting in (2a) and for magnet 1 
K. A 
— 2 (15) 
Loni 1 * 12 Ga- 1) 
where Ky, = 4 4.5 x 10° 


Further from (2) for the seme pull and for Ag © KAy 

Bao * Bay / VE | (14) 
| From (1) for the seme voltage 
| My Png An @ Sa Bae Ag 
Rg 1 441 

ve 
therefore 
tg = hy /VE (25) 


For magnet #2, the form of equation (13) is 


J * %1 Bag “2fe Se (18) 
aac by equations (14) and (15) 
F By (Bay / VE) / VE) HRS, =F (17) 
12 1 * lg (Kae 1 Tl 


the ratio ef pull to current rewains unchenged despite the 
change of area, therefore for the same pull the same current 
is required and no direct advantage, 1.e., no decrsase in 


exciting current, results. 
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It might be noted, incidentally, that in the preceding 
development, the actual frequenoy did not enter. At any 
frequency, therefore, for à magnet of given length and core 
material to exert a given pull at s given voltage, the current 
ig independent of the ¢rossesgectional area. A large ares 
requires leas flux density, hence leas arpe turns. z obey 
the voltage equation, however, less coll turns are necessary 
and the exeiting current remains unchanged. 

Although no direct edvantage (current decrease) 
results from an inaveass of area, cortaln benef 10121 agcondary 
effecta our. These are not imsediately apparent, but are, 


nevertheless, of appreciable importance and must be considered, 


Leakage has 30 fur been neglected, but must be taken 
. | inte account in every practicn] case. An increase in area 


decreases the Leakage seefficient* where 


leakage Coefficient = tetal — 
use R 


A decrease in the leakage coefficient meana less ampere- turns 
are required for a given useful flux, thus the efficiency of 
the magnetic circult is increased. | 

The nuuber of coil turns muat be decreased to sain« 
tain the reguired pull at the given voltage. This will 
pera t some shortening of the core length by the same 
reasoning followed when redustion of turns was previously 
diacussed, 

The hystéresis loss is changed. From 

— = Ey — (8 
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it may be seen that Wi, varies with change of area. For the 
4 game force, the maxinwn induction, Bas must be eren as 

shown by equation (14). %ffsetting this decrease, however, 
is the ineresse in the volume of core material, hence an 


inerease in the hysteresis loss, These two effects will 


always oppose one another with change of area. The net result 
ger « given change would depend upon the core material (value 
of Ku) and the value of the exponent, n', which ia in turn 
dependent upon the range of induction. 

In selecting @ core material, the following general 
eheracteristics are desired: 
1) Semll residual flux density to permit small sir gana, 
3) Low coercive force to persit use of a small alternating 
current and reduce hysteresis loss, 
| 3) Wich resistivity to redues the eddy current Losses and, 
finally, 
4) igh permeability to deerease the reluctance. 
The first three fac tors need not be considered further. 
Increased permeability, however, will decrease the reluctance 
of the magnetic circuit, will not affect the besic equations 
(1) and (2) and thus will decrease the exeiting ourrent. 

the unavoidable air gaps in the magnetic ecireult of 
an electromagnet, such as Pigure 2, place an upper Limit on 
the value of permeability whieh mey be profitebly used. 
The equation 

Qe LA (12) 
Me 


permits the definition of effective permesbility 


st: 
1 dae dude eetagv 4g 

8 * 0 aed roy tr PoktoeOek am 
* Werne W 1 


eutey) Lebtesan,ex09 W i N 8 ip @ Oma ee 
must at at doldw .'c" ggg egg ed? 29, ga tex 9d Be Aly na 
rte herpes, ieee v. wer ooo. oa | 
n rü e, 25 + 
* ad i ten Ne eet Gung beendet ene nodal 1 e 4 ay 
e 18, as rien 09 Agog OER, leut n i 
a ee Lare , 39,908, . ere 0 
4 M et u ert ueesent veces hi 
yaa esse! peng, cove. oct . en bee 2 
er nd ‘Shao ‘shy Ave ak) setae * ‘an 
ities ‘edd ooserseb of ydtLidaeareq agli 1 
en Bones tales en bees seen ere 
uner- i tds brd bebe 1 
e@ldaupe oteud oi? 0. m2 rite a 7016 ote engam saz’ 
ee Pet bee ent bebetdeb Tex aut’ Bile (8) d Ht 
a0 tbate be exat oft ah’ eyed 42h! etWabsdvehey bal 21 i 
ao er ned ae bl 8 vivglt wp dove Cr 
„beta Tf tap ed yan de ce e 10 e ee 
n * 


N. i? © ( 0 * 
* i 


(Sf) 


932 J ch 0 Lah os 40 
get * . 
run tende 90 ER . ee 


—13— 
i. 1 
As 1+ la (Pee 1) 
ang since ua 1 


Ko = A (18) 
2 * 1 Pa 
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This equation Is pletted in the graph of Figure 3 for 
total lengths indicated each containing a 2 mil air gap. 
For reference purposes, a line for a cireult of infinite 
length (or a cireult with no sir gap) is alse shown, It 
ean de geen that a value of 100,000 ylelda only slightly 
better net performance than a value of 10,000, except for 
i infinite when We» equals Mae The value of effective 
pormeabilityasymptoetically approached is each case is 


lim Peo — 
a 


he Se 
The graph of Figure 4 follows that of Figure 3 and 
presents the same information in u more illuminating form, 
The ratio of | 
— e (19) 
Me 


ig a Measure of the efficiency of the use ef the core 
material in a magnetic cirault and is here so defined. 

A cireuit with no air gap would have en efficieney of 
100%. The value of © indicates the return realized by 
use of metels with progressively bhisher permeabilities 
and points up more clearly the limitations to the use of 


high permeability materiale. “he Iimpracticalityfor all 
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Figure 4. 
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but the most pressing requirements of Live digit (end for 
shorter lengths, four digit) permeability is clearly 
11 lus tra ted. Kver for the eight inch circuit, the effielency 
has dropped to 80% when n is 1000 and is down to 50) for a 
permeability of only 4000. This certainly introduces the 
economics into this problem. 

The primary interest in inereasing permeability is, 
as previously stated, to decresee the exciting current. 
To examine the possible decrease when permeability ia changed, 
it 1s necessary to make certain assumptions concerning the 
reference 8) eee magnet. First, it is assumed that the 
core is made of 29 gauge laminations of 4.5% 31110 steel. 
A value of En equal 80 xilomaxwells/sq.in. is assigned as 


a maximum operating induction for this metal which defines 


the relative permeability as 


| ae * 2300 gauss/oersted 
This ia 4 likely value. 
This magnet ig nos to exert the same fores with the 
game applied voltage at the 400 a. p. s. frequency. tone ＋ 
the physical dimensions is to be changed, but the number 


of turns 


te comply with equations (1) and (3). ‘The permeability 


of the gore material at 400 ¢yeles will be changed 30 that 
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0 page 66, "Llectromagnetic Devices", He Gy Hoters, 
John Wiley & Sons Ines, 1941 
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Yor the same flux at both frequencies 


Gu = „4 tig Ime Res Ag = 041 He ima Hes 44 (21) 
16 14 
Fron which 


Sg ing ee = — Ss Ima V o4 


and 
. = 20 Pes (22) 
ing 8 Pea 


M (10) 


b= Ao 
yields 
ing * 20 ‘Pee . 235s jes (23) 


which by equation (20) becomes 


I 20 11 ig Mag 
Ins A 1 * 14 Pas 

Further by the assumption of type of sore material and 

maximum induction at 60 e. b. s. and fer 10 air gap of 


e002 inches 


Im 4 = 20 * 1 + 4.6 22 5 (25) 
imé 3g 1 + 4.8 


where 1 © mean length in inches. 
in Figure 5, aquation (28) has been plotted for each of 
the four circuit lengths considered earlier. Kg is tres ted 


as the independent variable, 
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— 1 — 
For all lengths when ig is unity, 1. for the same 


magnet core at 60 and 400 e. p. s. 
‘ | 


24 6 5 (4) 


as expected from section 1-2. Congidering again the eight 
inch oireult, it may be seen thet there ig Little gain in 
increasing ig beyond 7.2 anc that for this value 


K 4 3 7.2 (2500) = 16,600 gauss/oorsted 


end that 


ig 36 


Por this condition, the efficiency 

E = 19.2% 
Similar observations may be made for the other scireuit 
lengths, 

Tt say be concluded from this discussion that ine 
eressed perszeability offers some possibility of limiticg 
the high value of exoiting current, but thet this approach 
is not very pronieing, perticulerly for the shorter cireuit 
lengths. 

A secondary effect of ineress ing permeability is to 
decrease the hysteresis loss. ‘he lower exciting current 
decreases the total area of the hysteresia loop, hence the 


ioss associatec with thet area. 


3 2. HEDUCTION OF 4008C°%CLE LOSSES. 
The preceding section leads to the guestion of how 


much the various changes diacussed can reduce the 40Ceorele 
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losses from what would result with ne changes in the magnetic 


eireult with incressed frequency. The 400-cycle losses with 
no ghenges are contained in Table i. The principles of 
2—1 will be applied end a similar table will be made. Ags 
before, it will be assumed thet the 60-0. p. 8. magnet is 
exerting a given pull at a fixed voltage; the 400-ceped. 
magnet must exert the same pull for the same voltage. To 
improve 460ecyele performence one may 
1) Go to a shorter length, since less tums are required, 
2) Select a core saterial with a higher permesbility, and 
a lower core loss, n + Ye, 
3) se the erosa-sectional area of the sagnetic ecireult, 
and | 
4) Decrease the lamination thickness. 
Lach of these changes will be considered in relation to 
the copper and iron losses, 
1) Shorter length, effect on 
2. Zxciting Current. From section 1-2 for the sane 


length streit at 66 and 400 e. p. 3. 


14 = 22 16 (4) 
Any decrease in seein decresses reluctance in direst 
proportion with no effect on the basic force and voltage 
equations. It therefore tmeodiately follows that for 
shorter length 

* a 2 16 (26) 


iY to sefatontsa act 1 640 Pat * N 


eden od Litw endes . „ 
en Kann K es & 
#8 4G e0~08 


8 Bess: ivy * 1 iid, is a . * do 
| 9 Bes phage lt 4 5 im cia’ 
T on | | von A 


ban denkt veya v dun- ages enon » sontet | 
lee vit ee nme Se 


. va 3 
lte et 65 aN U 
5 
A. 1 le e ie ee e eee oid 
DIRE he oo TI ietaang BE ed bay” 1 

An 401 ber e Mies dtm te 

5s it ren alba ee 


mn 0 

6 eee eee * unn * f ia Re ve 
eee ee eee ee e, ee , Me 
e 
10 one Even yLedathenst, dhe 4. co , ,h 
dne redtode 

PATS RI mem a. 0% 


6 . . Petey men os 
he N — 


Oh wi? warded one eee, eee eee at doom 


— ——8⁊4 


-2l- 


fhe volt-ampere limitation has been decreased and the con- 
tactor problem made less serious. 
The copper loss 
14 4 HA . 20 75 Sig = 6.67 (2) 10283 (27 
6 3 20 6 


anc since 
1 
716 <1 


equation (27) may represent an appreciable reduction. 1h12 
will be further discussed when increased permeability is 
considered. 


be Hysteresis. Srerter length means lesa volume. 


Previously 
una = 22 Whe vat U. in. 8) 
, ad 
the new volume 
va = 24 ve 
le 
so that 
PA = Wag V4 — . a Whe ig watts (29) 


which is again an improvemente 
Ge addy Currents. “he above argument for hrsteresis 
helds since total eday current loss ig ala dependent upon 
volume, therefore, 
Pe4 4 Va = (22) — des ve 0 


2) increased pergeabllity, effet on 


a Sxciting Current. Asaume that the eighteineh 


4 N 8 N ¥ N ö in ee 1 805 4 y 10 * ane ¥ 

a 6 1 n n 5 i 1 wy 85 f i 

, — 2 ry ee vc a mont 

oa „ „ 12 ne 5 +t 4 * . 
* sigan 2 sad at a i 


* Ale ates biti 4 


i = 


ee an 1% ye he vont re . at iy halon | 
5 „ ee, — ada o% Thi “tet 1 Lace oat 11 : 


Pe cae 5 W 
(8) pre 7 
Le en ry ved en 6 WO. . i 


nn yee rere — ty 4 a 
„ * 525 Wee eat 


one ets seus perry «tno gald tox walt x Gita) 


r . 
> 


22 
magnet of Figure 5 is the @O=cyele reference and that 
the permeability is incressed to 

2 


Raa 7.2 Pag = 16,600 gauss /osrated 
ao that 
Ig * 3g (31) 
Equation (31) holds when the magnetic circuit is the 
game length at both frequencies. The volteazpere 
limitation and the sontacster problen are acid made lesa 
severe. The soyper loss now 
ig? f = (31g)8sng = 1.55 162 6 (032) 
for an improvesert equal te this, equation (27) shows 
that the 400 cepeae mean length must be less than 0% 
of the 60 o. ps. moan length if the seme core saterial 
were used at both frequencies, 
be Hysteresis. “he saving in this loss with ine 
creased permeability cannot be computed directly, 
however, it may be stated thet there 411 be a saving. 
For the same Dm and a lower exciting current, the ares 
of the loop traced each cycle is gmaller and the loss 
agecreases directly as this area. | 
Lady currents. ‘Increased permeability has 
no effect. 
3} Increased cross-sectional area, affect on 
a- Exciting Current. There is no direct effect, 
but the legkage coefficient is improved with an incresse 
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be Iiysteresais. Consider 


un = Ky Be joules/ousin./eyele (6) 
and int rodaue ing volume 
Py, = un x V = EH BP Al jovles/sycle (33) 
Let 
ag Bay | (34) 
From 
P= Bye A (2) 
144 


and for the same fores before and after the change of 
area 6 | . 

3% ˙ U //E . (35) 
Still not introducing frequency, or the change of length, 


the ratio of the losses due te an inerease of area by 


& factor R 
. oe 
*n/ a, wee 
117% 
or Pra K ee Phi (36) 


How let P here equal the loss at 400 cycles with shortened 
length as expressed in equation (289). The new 400ecyvale 


loss with crosses¢cticnal area inereased is 
— 


1 14 Pug (37) 
‘aa Fl go te : 


The exponent, nd, aust be caleulated from experimental 
data for the core material in question; its order of 


magnitude, however, ia approximately 1.5 to 2.0, 
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Since 1 * ‘will always be slightly greater than 


unity, while lg/lg will always be slightly less, the effects 
7 

ef shorter length and increased area are not appreciable 

when gconaidered together. Of greater importance is Increased 


permeability which persits writing 
* | 
Pha < a n 


e addy Currents. In considering incressed area 
here, the effect of lamination thickness 111 be covered 
at the same time. 

Meferring to 
lig * a 12 ats vattsyeu. in. 7 
it was previously show that for the change of frequency 
from 60 to 400 cycles 
24 = — Qf 6 0 * vat ta/ eu. in. (38) 


Ine rease of area by a factor k, dictates a decrease in 
By, vy 1/ F for the same fore. Suppose that in addition, 
it is gssumed thet the lamination at 60 ceDess were 28 gauge 
thickness and that the 400«cysle thickness is 
t4 = .005 inches 

about the minimum practical thickness for this anplieation, 
and a Geeided improvement over the S0ecrsle thickness of 
„014 inches. Substituting in equation (36) 
or 

% aa 8 
dut introducing volume 


434 * Hag Veg = aa fgg R Ve = Bel Pog (38) 
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The improvement is solely the reault of thinner laninations,. 

For comparison purposes, Table il has bees prepared. 
The firat three colume are those of Table I. Column 4 
represents the conditions attained in this attempt to re- 
duce the 400ecyele losses to a minimum, It aust be kept 
im mind that the cireuit length for the magnet represented 
here is eight inches. Of the lengths considered, the ime 
provement indicated in Column 4 18 the best obtsinable, 
if ea welledesisnec shading coll were incorporeted in both 
magnets, the 400-cycle copper loss would equal 6,67 times 
the GO-eryele copper loss for this coil as previously 
pointed out. 


tT} | , eee a” eee 

} 80 sp 400 cps §§§ 400 eps 

same olreult 10383 

as 80 eps reduced 

Current 16 6.67 I¢ 3 ig 

_ 2 2. 
Copper Loss 26 Be 6.87 Ig RE 1.35 Ig Re 
fiysteresis Loss Pre 8.67 Fg 46.67 Pn 
dg current loss beg 4402 Peg 8.1 Peg 


Also, in summation is the fact that the vol tbeanpere 
limitation and the contactor problem are less severe with 


the lowering of the 4UU«cyele current from 6.67 Ig to 3 1g, 
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SEA OF THE ALTERNATING - 
ELT CURRENT SOLUTIONS 


38-1. The Alternating Ourrent Versus the birect Current 


* 


Magnets 

ConsicGeration so far has been Limited to n. 
ef @ pull problem by direct use of a 400ecyele magnet. 
From the preceding chapters, it may be concluded thet an 
efficient design of such a magnet would be a mest difficult 
task (considering the 60-ceyele reference efficient). In 
view of this, it appears wise at this point to begin con- 
sideration of the alternative Gireet current solut ien. 

The direct current sagnet possesses several 
attractive advantages over any alternating current magnet, 
even without the added complication of 400-e. g. s. frequency. 
In the following diseusaion, both the alternating current 
and the Greet surrent masnets #111 be considered to be 


operating at the same meximun flux dens! ty, therefore the 


. Somparigon will be aonewhat optiuts tie concerning alternae 


ting current operation. For efficient operation, the direct 
ourrent magnet should operate at saturation; the alternating 
current magnet should operate below saturation”, 

For the same pole face area, the foree of a direct 


current magnet ia twice that of an alternating current 


"gee page 441, "“Bleotromegnetic Devices", H. C, Roters, 
Jom Wiley & Sons, Ine, 1941. 
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where 8 = flux density, Kilomaxwella/sqeine 
A * pole face area, 84. in. 


being 


Following immediately from this one may see thet for e 
given pull to de exerted, the alternating current magnet 
must have twice the ¢roggesectional ares, hence twice the 
volume and weight required for a direct current magnot, 
This factor of two represents an absolute minimum. In 
section 2-2, it waa pointed out that a larger area means 
a lower leakage coefficient. Further, to limit the eddy 
current losses to a reasonable value at 400 cepeae, it | 
wea ghoim-that laminetfons should be thin which means a 
low stacking factor. koth of these recomendations moan 
greeter core bulk at 400 . ps. than at 66 e. p. s. for 
Waich the volume must alresdéy be twice as great as for 

a direct current magnet for the same pull. Tne altemee- 
ting eur vent desicn will require higher reactive power, 
hence a greater weicht of copper. 

In the laboratory, @ Price Brothers Type 110 
alternating current relay was tested on a 60-c yele volt- 
age, This magnet weizhed 22.5 ounces and occupied a 
yolune of approximately 4.1 eubie inches. The volt-ampere 
consumption was 110 v. a. in the open gap and 15.95 v.. 
in the sealed positions, Yor the same volteampere con- 
sweption, a direct current magnet could be made with 
about one half the above weight and volume. In addition, 


the volt-aspere limitation does not exiat and the contacter 
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problem is less severe in the direct current magnet. 


Finally, the alternating current magnet because of 
the espanatve core material (high permeability) and thin 
laminations which must be used, plus the necessity for a 
shading coil, 13 inherently an expensive device, After 
firat cost, because of lower losses, the direct current 


magnet possesses à continuous advantage in operation. 


2. The Selenium Heetifier 

Tending to offset the advantages of the direct 
current magnet just listed, is the necessity to rectify 
the 400-eyele aupply for the probles under consideration. 
The seleniua, ary disk rectifier will here be considered 
fer the conversion device. 

This rectifier contains no moving parts. It is 
rucged and requires no routine maintenance, anufaeturers 
guerentee against any defecta sha taoever for periods of 
40,000 hours continuous operation, so the aging effests 
of these devices may be considered negligible. The 
standard rectifier unit may be hermetically sesled, thus 
making it impervious to the effects of moisture, fungi 
amd chengs of pressure, It will opersta perfectly at 
plete temperatures from «40° to 136 F. which should bs 
adequate for the case at hand, his saxinum temperature 
limitation sometimes prevents use of these devices, but 
in on alrcraft application, & plentiful supply of ceol ing 
air would be available to overcome this objection. The 


se len un rectifier is able te withstand heavy temporary 
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current overloads without danger of breakdown or injury, ; 
permitting regular use in the overload condition in inter- 
au ttent service. Aseteing & half-hour period for cooling 
between Overload operations, the rectifier may be operated 


at ton times normal rating for about ten seconds, The 


dax Len as temperature restriction previously given cannot 
be avoided, however, ; 


Some approximate weight, space and cost data for 


; , 
* 
. 


full weve, bridge tzpe selenium rectifiers are contained 


a me © 


in the grephs of Figures 6, 7 and 6. These characteriatics 
are an average of manufacturers data for standard units. 
over the range indicated. For a specific application, 

the weight and space requirements could undoubtedly be 


improved upon. 


3-3. CONCLUSIONS 

The most important conaideration in selecting a 
solution to this problem is, as previously steted, relie 
ability. Ine characteristics of the elen ius rectifier 
leed to the gonclugion that Jt would be at least, if not 
more, reliable than the direct current magnet with whieh 
it soul be associated, Congidering the <ireet current 
and alternating current masmets themselves equally relie 
able in operation, the combination of the direct current 
magnet with a selenium rectifier is equelly as reliable 
in performance of a given task as an alternating current 
magnet operating directly. 


| As to weight and space requirements, consider 
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ee the GO-eyole alternating current magnet of section 3-1. 


ror compari gon, j it is perenne thet the direct current 

_ magnet for the same pull would require the same volt-axperes, 
would weigh onechalg as mugh as and ocoupy half the volume 
of the alte mating current magnet. With these assumptions 
and with deta from Pigures 6 and 7, the 60<eycle altorna- 
ting current er eurrent solut tons may be 


eg ae 4. 0. 7 p. c. a 30 len un rotal 5 
datznet magnet rn core 

oes ia, Bey © a rule clan on : . ee 4 1 280 
a solution * ae 

Weight 22.5 0na .. 22. 8 08. 
3pace 4.1 ou. in... bee A cet te Usd, rein. 
ch 2 f pe 11.25 OBB» 5. 4 08. 16.65 ozs. 
Spee 2.05 au. in. 4.2 eu. in. 6865 eu. in. 

TABLE III 


These figures are approxinate, but the direst aimee 
eokuaden nas certainly deen given no garn ans! the rece 
tifier data used are for standard unite and the volte 
ainpere consumption of the direct current magnet nas — 
taken to equal that of ths eltemating current magnet in 
selecting the rating of the reetifier. 

it will be pap qualitatively to extend this 
e at 16 v. a. over the range of interest frow , 
8 * 30 v. a. if the voluse of the GUecrcle magnet can be 
Founc as & runs ti on of vol t-empere consumptii on, From 


E We 8 ba x 10-2 (1) 
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_ where  V.= volume, mean length times erea. 
to ind, K = Bx one | : 
it bes been Shown — eure rd thet for & . given coms ate lel, 
ge tnereasas v. with length. . is a funeti on of the core 
n not ‘of the reel e iin and if it ia easumed 
that the ‘Type ‘Lio relay was ‘designed te operate at, or near 
maxinun 4.6% “permeability, * ney be considered to ‘be on- 
Dans daa event, By varies over @ small range tor 1 
given core material and 1% one of the first varieblos fixed 
in a design brobler 1 Tt follows imedietely, “therefore, 
that for — n (ine reasing He as ‘volume. is increased), 
the total ‘Gane’ volume would vary at or with the ‘Firat 
power of volt ampere n ü 
| A3 Sinee the weight and space cheracteristics of 
the selenium rectifier vary about linearly with volt-anm re 
output, the relation between the alternating current and 
Airect current solutions found in the preceding example 
may be cGonaidered to hold over the entire range of interest. 
it ia here considered, therefore, that the direct 
current solution retsins its weight advantage and the pos sie 
bility of a apace disadvantage when compared with a @0-cycle 
n gie t over the range of volteampere scongumption fros 5 to 


80 Vea, If an efficient 400-c7ele magnet had been compared 
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with the direct current solution, the direct current weight 
advantage would hseve been greater and the apace disadventege 
less than indicated in the GOecycle comparison. 

Regarding economics, it is not possible to draw 


* 


&@ positive conclusion. The 4U0seyele magnet itself would 
undoubtedly be more expensive than 6 diract current megnet 
| to exert. the sane pull. Tus Punting expense of the alternating 
1 ourrent nagnot woule also de grestor., The need for a selenium 


rectifier ror use with the: direct current magnet would work 


to offact these altemeting current disadvanteares. 

= e on the basis of equal reliability, 
1 1107 e no volt- ampere limitetion, a less serious 
contactor problem and leas aus ts inen power consumption, the 
author favors the cireet aurrent golution. He feels the 
space and cost considerations ars still auss t enable, but 
oven * they definitely indicatecé a 400ecycle solution, 
these considerations alone would not be strong enough to 
outweigh the e e listed above for the direct current 


solution, — 228. 
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12 2 2 4 6 5 (10) 
nag be ne ' 
1 | Vek, AQ, sr (42) 
1 0 


where V = volune, mean length times ares 


A x 60 x 108 


ioe 0 It has been sown in Figure 3 thet for a given core mate ial, 
e imersases with length. B, is a function of the core 

material, sot of the cirevit dimensions and if it is sasumed 
that the Type 110 relay vas designed to operate at, or near 
maximum @e¢. permeability, % ne be considered to be cone 
stant. Ini event, B viries over a amall range for a 
given core material and is one of the first varlablesgfixed 
in a design problem*. It follows imas@iately, therefore, 
thet for good design (inereasing A as volume ig increased), 
the total core volume would vary at least with the first 
power of volt amperes consumption. 

Since the weight and space chearacteristies of 
the selenium rectifier vary about linearly with volteanmm re 
output, the relation between the alternating current and 
Arrest current solutions found in the preceding example 
aay De congidered te hold over the entire range of interest, 

it is here considered, therefore, tas the direct 
current solution retains its weight advantage and the p aie 
bility of a apace disedvantage when compared with a G0-cycls 
magnet over the prance of volteaaperse consumption fros & te 
30 a. If an efficient 400-cyele magnet had been compared 


ee page 247, "Zlectromagnetic Devices", H. 3. Hoters, 
John @iley & Sens, Ince 194 
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with the direct current solution, the direct current wolg nt 
advantage would have been greater and the apace disadvantege 
less than indien ted in the GOecyele comparison, 

Regarding economics, it is not possible to drew 
& positive conclusion, ‘the 400-crele magnet itself would 
undoubtedly be more expensive then « diract current megnet 
to exert the same pull. The running expense of the alternating 
current magnet would also be greeter. The need for a selenium 
rectifier for use with the direet current masnet would work | 
to offset these alternating current disadvantages. 

Summariging, om the basis of equal reliability, 
amalier weight, no volt-anpere limitetion, 6 less serious 
eontactor problem and lesa sustaine power consumption, the 
author favors the cireect aurrent eclution. Hs feels the 
space and coat considerations ars stilli guestionadle, but 
even if they definitely indicated a 400ecyole solution, 
theses considerations alone would not be atrong anough to 
outweigh the advantages listed sbove for the direct current 


solution. 
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